Introduction
Basic morphogenetic processes, including cellular proliferation and differentiation, must be tightly regulated for proper organismal development. Proliferation and differentiation of cells correlate with changes in gene expression that are heritable and specific to distinct cellular lineages. Proteins that regulate chromatin remodeling and nucleosome positioning govern these heritable spatiotemporal gene expression profiles. The underlying mechanisms linking their functions in the cell nucleus to cellular phenotypes are not well understood (1) . Importantly, human genetic conditions that exhibit overlapping phenotypic features often share underlying pathogenic mechanisms and can provide important insights into the regulation of both cellular and chromatin level processes.
All-trans retinoic acid (ATRA), a metabolite of vitamin A 1 (retinol), was discovered in 1987 as the first candidate vertebrate morphogen (2) . ATRA is fat soluble and diffuses into the cell nucleus where it interacts with cellular fatty acid-binding proteins (Fabps) or cellular retinol-binding proteins (Crabps) (3) . Retinol undergoes oxidation to become retinaldehyde (retinal) by alcohol dehydrogenases and retinol dehydrogenase enzymes. Retinol is subsequently oxidized to form retinoic acid (RA) by cytoplasmic retinaldehyde dehydrogenase enzymes (ALDH1As; formerly called RALDH enzymes) (3) . RA acts in the cell nucleus where it binds to RA receptors (RARs) that form heterodimers with retinoid receptors (RXRs). RAR/RXR heterodimers bind to gene promoter regions, where they generally repress downstream target genes in the absence of RA and activate expression in the presence of RA (4) . Embryonic exposure to either excessive or diminished levels of RA leads to abnormalities in neurogenesis, ocular morphogenesis, inner ear development, cardiogenesis, and limb development (5) . The complexity of phenotypes related to vitamin A metabolism and RA signaling is similar to the highly variable birth defects associated with human mutations in genes encoding RA-related enzymes, receptors, and binding proteins (6) (7) (8) .
CHD7, an ATP-dependent chromatin remodeler, is disrupted in CHARGE syndrome, an autosomal dominant disorder characterized by variably penetrant abnormalities in craniofacial, cardiac, and nervous system tissues. The inner ear is uniquely sensitive to CHD7 levels and is the most commonly affected organ in individuals with CHARGE. Interestingly, upregulation or downregulation of retinoic acid (RA) signaling during embryogenesis also leads to developmental defects similar to those in CHARGE syndrome, suggesting that CHD7 and RA may have common target genes or signaling pathways. Here, we tested three separate potential mechanisms for CHD7 and RA interaction: (a) direct binding of CHD7 with RA receptors, (b) regulation of CHD7 levels by RA, and (c) CHD7 binding and regulation of RA-related genes. We show that CHD7 directly regulates expression of Aldh1a3, the gene encoding the RA synthetic enzyme ALDH1A3 and that loss of Aldh1a3 partially rescues Chd7 mutant mouse inner ear defects. Together, these studies indicate that ALDH1A3 acts with CHD7 in a common genetic pathway to regulate inner ear development, providing insights into how CHD7 and RA regulate gene expression and morphogenesis in the developing embryo.
Results
Loss of Chd7 disrupts RA-related gene expression. Previous studies from our laboratory showed that citral, a RA inhibitor, rescues Chd7 heterozygous inner ear phenotypes (16) . To further investigate genetic mechanisms of this rescue, we performed genome-wide mRNA sequencing on Chd7 +/+ , Chd7 Gt/+ , and Chd7
Gt/Gt microdissected inner ears from E10.5 embryos (n = 4 ears per genotype). Chd7 Gt/+ inner ears showed significant downregulation of 95 transcripts and upregulation of 43 transcripts. Chd7
Gt/Gt inner ears showed significant downregulation of 669 transcripts and upregulation of 416 transcripts. Differentially expressed RA-related genes were visualized using a volcano plot comparing magnitude and significance of changes in gene expression between Chd7 +/+ and Chd7 Gt/+ ears ( Figure 1A ) and between Chd7 +/+ and Chd7 Gt/Gt ears ( Figure 1B ). We found that multiple RA signaling-related genes were differentially expressed in E10.5 Chd7
Gt/Gt inner ears compared with wild-type ears, including genes encoding the RA synthesis enzymes, Aldh1a1, Aldh1a2, and Aldh1a3; the RA degradation enzyme, Cyp26b1; and the RARs, Rarb and Rarg ( Figure 1C ). Of these, Aldh1a3 was the most dramatically upregulated in both Chd7
Gt/+ and Chd7 Gt/Gt inner ears. Gene ontology term analysis showed that inner ear development, neurogenesis, central nervous system development, and cellular differentiation are all highly affected by heterozygous loss of Chd7 (Figure 1D) . Analysis for gene function also confirmed that Chd7 is involved in modulation of regulatory region DNA binding, chromatin binding, and RNA polymerase II regulatory region sequence-specific DNA binding, consistent with known roles for Chd7 in transcription process regulation ( Figure 1E ).
To validate our RNA-sequencing (RNA-seq) results, we performed quantitative RT-PCR on independent samples of Chd7 mutant mouse ears at E10.5. We found that inner ears from Chd7 Gt/+ mice showed an approximately 2-fold upregulation of Aldh1a3 expression compared with inner ears from wild-type mice (Figure 2A) . We also performed qRT-PCR on inner ears from E10.5 Aldh1a3 mutant mice. Aldh1a3 mutant mice were previously generated by deletion of exon 11 (20) , and our TaqMan probe targeted exons 2-3; thus, some expression of Aldh1a3 in Aldh1a3 -/-mice was expected. Our results showed no change in Chd7 levels with reduced Aldh1a3 dosage ( Figure 2B ). We also asked whether Chd7 deficiency affected Aldh1a3 expression in other tissues. To test this, we performed qRT-PCR on neural progenitor cells differentiated from Chd7 +/+ and Chd7 Gt/Gt mouse embryonic stem cells (ESCs) and found that Aldh1a3 expression was dramatically upregulated in Chd7
Gt/Gt cells ( Figure 2C ). Our qRT-PCR results were further confirmed by in situ hybridization in E10.5 inner ears, which showed minimal or no Aldh1a3 expression in Chd7 +/+ inner ears and dosage-dependent increases in expression of Aldh1a3 in Chd7
Gt/+ and Chd7 Gt/Gt inner ears (Figure 2 , D-F). Immunostaining for ALD-H1A3 and CHD7 showed complementary expression at E12.5 in both vestibular and auditory regions of the ear, including the semicircular canals, cochlea, and vestibular/spiral ganglia (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.97440DS1). Together, these results indicate that Chd7 and Aldh1a3 are expressed in the developing vestibular and auditory regions of the inner ear and that loss of Chd7 is associated with upregulated Aldh1a3 in both the inner ear and in neural progenitor cells.
Overexpression of CHD7 inhibits ALDH1A3 expression in human cells. Because loss of Chd7 affected expression of several RA signaling genes, we asked whether overexpression of CHD7 would have the opposite effect on those genes. To test this, we transfected 293T cells with a pcDNA 3.1-Flag vector containing fulllength human CHD7 cDNA and confirmed overexpression by Western blotting (Figure 3, A and B) . We then assayed for changes in a panel of RA-signaling genes using qRT-PCR ( Figure 3C ). Following overexpression of CHD7, expression of several RA signaling genes was altered. Most notably, ALDH1A3 transcripts were reduced 35% in cells overexpressing CHD7 compared with empty vector control cells. This result is consistent with our RNA-seq and qRT-PCR data from mouse inner ears and neural progenitor cells. It also suggests that the inhibitory effect of CHD7 on ALDH1A3 expression is conserved across species, cell types, and tissues. Gt/+ inner ears compared with Chd7 +/+ inner ears. Significance was determined using DESeq (v. 1.22.1).
CHD7 occupies genomic regions near ALDH1A3.
Given the robust changes in ALDH1A3 expression with altered Chd7 dosage, we asked whether ALDH1A3 is a direct target of CHD7 binding. To test this, we performed CHD7 ChIP-qPCR on chromatin isolated from human SH-SY5Y neuroblastoma cells, which are known to express CHD7 (21) and to differentiate into neurons in response to RA (Supplemental Figure 2 ) (21, 22) . Four candidate genomic regions were selected to detect direct binding of CHD7 on the ALDH1A3 locus based on publicly available ChIP-sequencing (ChIP-seq) data gathered from H1-hES cells (GEO accession GSM1003473) and vertebrate conservation ( Figure 4A ). Regions 1 and 2 are upstream of the transcription start site, while regions 3 and 4 fall within intron 1. ChIPqPCR showed that the two sites upstream of the transcription start site, particularly region 2, were substantially enriched for CHD7, suggesting that CHD7 directly binds to and regulates expression of the human ALDH1A3 gene.
To determine whether CHD7 also binds the Aldh1a3 locus in the mouse inner ear, we performed ChIP-qPCR on E10.5 mouse microdissected otocysts. A BLAST search was performed to locate regions with sequence similarity between the sites identified to be bound by CHD7 in human cells and mouse Aldh1a3 (23) . Candidate site 2′ ( Figure 4B ) was selected for further analysis. As a negative control, we included the transcription start site of the mouse Aldh1a3 gene. We also included upstream site 5 ( Figure  4B ), since it has been shown to be occupied by CHD2 in the CH12-LX murine cell line (Stanford/Yale Transcription Factor Binding Site track in UCSC browser). Our ChIP-qPCR results showed significant Gt/Gt mouse embryonic stem cells compared with those differentiated from Chd7 +/+ mouse embryonic stem cells. This experiment was repeated twice. Significance was determined by Student's t tests, and P values were corrected using the Bonferroni method. ***P ≤ 0.001. (D-F) In situ hybridization of sectioned littermate E10.5 inner ears shows increased Aldh1a3 expression in Chd7
Gt/Gt inner ears compared with Chd7 Gt/+ and Chd7 +/+ inner ears (n = 6 ears per genotype). Regions of high expression in the otocyst are demarcated by solid bars. Scale bars: 100 μm.
enrichment of CHD7 at upstream site 5 compared with the TSS and with site 2′. Taken together, these results suggest that CHD7 directly interacts with genomic sites upstream of ALDH1A3 in both human and mouse cells.
CHD7 is insensitive to RA levels. In Chd7 mutant mice, neuronal and inner ear abnormalities are influenced by altered RA levels (16) , raising the possibility that RA may directly regulate Chd7 gene expression. To test this biochemically, we again used SH-SY5Y neuroblastoma cells that express high levels of CHD7 and readily differentiate into neurons upon RA treatment (24, 25) . We selected CHD5, a CHD7-related chromatin remodeler, as a positive control, since it is highly upregulated in response to 13-cis-RA but not ATRA (26) . Histone deacetylase 2 (HDAC2) was used as a loading control, as it was previously shown to be unaffected by 13-cis-RA (26) . Unlike CHD5, CHD7 levels were stable in response to both ATRA and 13-cis RA ( Figure 5 , A-E). CHD7 levels were also insensitive to the ALDH1A inhibitors citral and DEAB (27) (Figure 5 , E and F).
To assay CHD7 protein levels in other neuronal cells, we established neural progenitor cell lines from two Chd7 +/+ and two Chd7 Gt/+ mouse E12.5 embryonic forebrains. CHD7 protein levels were reduced in Chd7
Gt/+ neural progenitor cells compared with Chd7 +/+ neural progenitor cells ( Figure 5G ). Notably, CHD7 levels in forebrain-derived neural progenitors from Chd7 +/+ and Chd7 Gt/+ mice were also stable after ATRA or citral treatment ( Figure 5H ). Together, these results indicate that CHD7 protein levels are insensitive to RA signaling in human SH-SY5Y cells and mouse forebrain-derived neural progenitors.
Evidence against interactions between CHD7 and RAR. RA acts in the cell nucleus by binding to RAR, which induces RAR heterodimerization with RXR on RA response elements (RAREs) to activate downstream gene expression (28) . We next asked whether CHD7 might physically interact with RAR/RXR heterodimers and act as a corepressor or coactivator of downstream RA gene expression. To test this, we again used human SH-SY5Y neuroblastoma cells, which express all isoforms of RAR and RXR (22) . We used pan-RAR antibody for CHD7 coimmunoprecipitation, since anti-RAR antibody also interacts with heterodimers containing RXR. In untreated SH-SY5Y cells, coimmunoprecipitation with anti-CHD7 and pan anti-RAR antibodies showed the expected enrichment of CHD7 and RAR proteins, respectively ( Figure 6A ). In contrast, CHD7 was absent in anti-RAR immunoprecipitates, and RAR was absent in CHD7 immunoprecipitates. Similar results were observed in SH-SY5Y cells after 7 days of treatment with 10 μM ATRA ( Figure 6B ). These results provide evidence against direct interactions between CHD7 and RAR-containing complexes as a means for promoting SH-SY5Y neuronal differentiation and regulation of RA-responsive gene expression.
CHD7 and RAR exhibit restricted colocalization in mouse ESCs. CHD7 is known to directly associate with several proteins during development, including p300, OCT4, NANOG, and SOX2 (29, 30) . To further test the hypothesis that CHD7 may associate with RAR/RXR heterodimers at RAREs located throughout the genome, we undertook a computational analysis of CHD7 and RAR colocalization in mouse ESCs using published ChIP- and FLAG. CHD7 and FLAG levels were assayed by Western blot (A) and quantified (B) using ImageJ software. This experiment was repeated twice. Images were derived from duplicate samples run contemporaneously on parallel gels. (C) Expression of retinoic acid-related genes examined using qPCR of mRNA extracted from 293T cells transfected with CHD7 overexpression or empty vector. This experiment was repeated 2 times. Significance was determined by Student's t tests. *P ≤ 0.05. seq data sets. Specifically, we obtained data from a CHD7 ChIP-seq experiment (30) and a pan-RAR ChIP-seq experiment, both performed in mouse ESCs (31) (see the Methods for GEO/SRA accession information). To best replicate the conditions in which we would expect CHD7 to colocalize with RAR, we used RAR ChIP-seq data acquired from mouse ESCs 8 hours after treatment with RA, which was shown to significantly enhance pan-RAR antibody binding across the genome (32) . Following intersection of CHD7-and RAR-associated reads, we determined that co-occupancy by both proteins was restricted to approximately 0.6% of all CHD7-bound sequences and 0.9% of all RAR-bound sequences, suggesting that direct interaction between CHD7 and RAR is not a primary reason for the high phenotypic overlap between CHARGE syndrome and RA embryopathy.
CHD7 does not alter global embryonic RA activity. Given our evidence against direct interactions between CHD7 and RARs, as well as unchanged CHD7 levels with RA treatment or inhibition, we next tested whether CHD7 regulates RA signaling. To assay for changes in RA activity in vivo and in vitro upon Chd7 loss, we used transgenic mice with RARE-lacZ (33) and cells with RARE-luciferase (34) and varying dosage of Chd7. RARE-lacZ-transgenic mice express lacZ as early as E10.5 in the neural tube, heart, eye, and ear. Thus, we established crosses of RARE-lacZ;Chd7
+/+ and RARE-lacZ;Chd7 +/-mice and performed wholemount X-gal staining and staining of sections from E10.5-E12.5 embryos (Figure 7 , A-G). At E10.5, X-gal staining was present throughout the neural tubes of RARE-lacZ mice containing Chd7 wild-type, heterozygous, and null alleles ( Figure 7 , A-C). Interestingly, there were no observable differences in X-gal staining among these embryos, indicating that global embryonic RA activity does not depend on proper Chd7 dosage.
To determine whether the central nervous system or inner ear exhibits differential RA activity with varying Chd7 dosage, we sectioned X-gal-stained embryos at E10.5, E11.5, and E12.5. We found enrichment of X-gal stain in the neural tube, hindbrain, and cochleovestibular ganglion in all embryos, with no qualitative differences in staining between genotypes or stages (data not shown). X-gal staining of inner ear sections from E13.5 RARE-lacZ;Chd7
+/+ and RARE-lacZ;Chd7 +/-embryos showed robust RARE-lacZ activity in specific regions throughout the inner ear, including the semicircular canals, VIII nerve ganglion, and utricle that was similar in both genotypes (Supplemental Figure 3) . We also performed coculture of dissociated E8.5 Chd7
, and Chd7 -/-mouse embryos together with F9 cells expressing RARE-lacZ (Supplemental Figure 4) (34) . This assay showed no measurable differences in RA activity across the three genotypes.
To test whether CHD7 is sufficient to alter RA activity, we performed transient transfections in 293T cells with RARE-luciferase and a CHD7 overexpression vector (for gain of function) or CHD7 siRNA (for loss of function). For all luciferase analyses, Renilla was used as a control. In CHD7 gain-of-function studies, 293T cells were transfected with empty pcDNA 3.1 vector or pcDNA 3.1-Flag-CHD7 or pcDNA 3.1-Flag-CHD7 K998R ( Figure 7H ). In a loss-of-function test, siRNA was used to knockdown CHD7 in 293T cells ( Figure 7I ). Cyclophilin B siRNA was used as a positive control, as it is known to repress RARE activity (35) . Overexpression or knockdown of CHD7 had no effect on luciferase, with or without RA treatment, indicating that CHD7 is insufficient to alter RA signaling in cultured cells. Together, these results suggest that loss of Chd7 has no major effects on RA activity based on X-gal staining of whole-mounted and sectioned embryos and coculture assays.
Loss of Aldh1a3 rescues Chd7
Gt/+ inner ear malformations. Because inner ear development is sensitive to RA and because CHD7 regulates Aldh1a3 expression, we tested the functional relationship between Chd7 and Aldh1a3 in vivo by crossing Chd7
Gt/+ and Aldh1a3 +/-mice and paint-filling E14.5 embryonic inner ears ( Figure 8 ). Heterozygous loss of Chd7 results in highly penetrant semicircular canal abnormalities in a variety of genetic backgrounds (36, 37) . Similarly, all Chd7
Gt/+ inner ears exhibited variable semicircular canal abnormalities, primarily affecting the lateral and posterior canals, with no specific differences between right and left ears ( Figure 8, A and D Gt/+ mice ( Figure 8 , B, C, and E). Interestingly, loss of both copies of Aldh1a3 in Chd7
Gt/+ mice led to normal-appearing semicircular canals in 42% (12 of 28) of ears examined (Table 1) , suggesting partial rescue of Chd7
Gt/+ related inner ear malformations. Four candidate sites (red squares) were selected based on publicly available CHD7 ChIP-seq data from human embryonic stem cells (GEO accession GSM1003473) and the high degree of sequence conservation among vertebrates (67) . (B) Chd7 ChIP-qPCR analysis in mouse E10.5 microdissected otocysts upstream of Aldh1a3. BLAST was used to identify the homologous sequences upstream of mouse Aldh1a3; site 2′ (purple square) was selected for Chd7 ChIP-qPCR analysis. qPCR reactions were repeated two times in triplicates. Data are represented as mean ± SEM, and significance was determined by 2-tailed unpaired t tests.
Discussion
In this study, we explored the underlying mechanisms by which CHD7 and RA regulate inner ear and neural development. Our results show that CHD7 directly binds to and represses Aldh1a3 in both developing mouse inner ear and human neuroblastoma cells. Interestingly, loss of Chd7 has no apparent effect on RA activity at the level of the whole embryo or in sectioned inner ears, and does not alter RA activity in vitro. Neither does RA stimulate CHD7 expression in human neuroblastoma cells (unlike CHD5, which is positively regulated by RA, ref. 26), nor does RA promote direct interaction between CHD7 and RAR, either before or after rapid induction of neuronal differentiation. Nevertheless, genetic loss of Aldh1a3 partially rescues the lateral and posterior semicircular canal malformations observed in Chd7 Gt/+ embryos, consistent with CHD7 acting upstream of RA signaling in the ear or with RA-independent effects of CHD7. Together, these data indicate complex interactions between RA and CHD7, and support direct repression of Aldh1a3 by CHD7, as shown in our model ( Figure 9 ). CHD7 effects on RA pathway genes. Our RNA-seq analysis of Chd7 Gt/+ embryonic ears showed mildly reduced expression of Aldh1a1, Aldh1a2, and Cyp26b1, suggesting that these genes may be additional targets of CHD7. Dynamic expression of multiple RA-related genes has been described in inner ear development. All three Aldh1a genes (Aldh1a1, Aldh1a2, and Aldh1a3) and Cyp26b1 genes are expressed in the developing ear and undergo complex changes in expression patterns throughout embryogenesis (6) . Notably, Aldh1a and Cyp26b genes are expressed in complementary regions of the ear and surrounding areas, suggesting cross-regulatory mechanisms that control RA levels. These findings are consistent with the distribution of RA across the anterior-posterior axis of the developing ear. For example, Aldh1a2 is highly expressed in the mesenchyme posterior to the otic region, whereas Cyp26b1 is highly expressed in the ectoderm anterior to the otic region (6) . The complex misregulation of RA metabolism genes upon Chd7 loss suggests there may be compensatory mechanisms that explain the lack of major effects on RARE activity observed in our Chd7 mutant embryos. CHD7 could also have additional RA-related targets that have yet to be characterized. Western blotting of CHD7 and CHD5 levels in various cell types. HDAC2 is used a loading control. Each experiment was performed at least 2 times. (A) Treatment with 10 μM all-trans retinoic acid (ATRA) increased CHD5 levels and had no effect on CHD7 levels over 12 days. (B) Treatment with 1, 5, or 10 μM ATRA for 7 or 12 days mildly induced CHD5 levels and had no effect on CHD7. (C) Treatment with 10 μM 13-cis retinoic acid (13-cis-RA) for 6 days increased CHD5 levels but had no effect on CHD7 levels relative to treatment with DMSO only. (D) Treatment with 1, 5, or 10 μM 13-cis-RA for 7 or 12 days induced CHD5 levels and had no effect on CHD7 levels. (E) Treatment with ATRA (1, 5, or 10 μM) or citral (1, 5, or 10 μM) for 3 days had no effect on CHD7 levels. (F) Treatment with 10 μM DEAB for 3 days had no major effect on CHD7 levels. This experiment was repeated twice. (G) CHD7 levels were lower in neural progenitor cells derived from forebrains of E12.5 Chd7
Gt/+ embryos compared with Chd7 +/+ embryos. (H) Treatment with 10 μM ATRA or 10 μM citral had no effect on CHD7 levels relative to DMSO vehicle control in neural progenitors derived from forebrains of E12.5 Chd7 +/+ or Chd7 Gt/+ mice.
Our results represent what we believe to be the first report of a genetic rescue for Chd7 mutant inner ears in mice and the first identification of a RA-related gene as a direct transcriptional target of CHD7 in the ear.
Mechanisms of CHD7 and RA signaling. At transcriptionally silent genes, RAR/RXR heterodimers bind RARE sequences and form repressive complexes that include polycomb-related proteins (38) . RA treatment stimulates release of polycomb and recruitment of transcription factors that activate or repress downstream gene expression (16) . Given the high phenotypic overlap among CHARGE syndrome, RA embryopathy, and vitamin A deficiency, we predicted that CHD7 may directly interact with RAR-RXR heterodimers to regulate gene expression. However, coimmunoprecipitation showed no direct interaction of CHD7 and RAR. We also hypothesized that Chd7 may directly regulate RA levels. Whole-mount embryos and inner ear sections of E10.5-E13.5 RARE-lacZ mice, however, exhibited no change in RA reporter levels with loss of Chd7. Consistent with these results, mRNA sequencing of Chd7 heterozygous inner ears at E10.5 showed no change in expression of other genes known to be downstream of RA, such as Pitx2, Gad1, Hoxa1, Hoxb1, Hoxa3, Hoxd4, Hnf1b, Pax6, Olig2, Hoxa5, Tgfb1, Fgf8, Cdx1, and Pdx1. Furthermore, altered Chd7 dosage by overexpression and siRNA knockdown had no effect on RA-induced RARE-luciferase activity in vitro. These results suggest that CHD7 regulates the expression of the RA synthase gene Aldh1a3 but does not affect global RA signaling, suggesting that the Chd7/Aldh1a3 pathway may have a different function in development.
CHD7-containing complexes have been characterized in a variety of cell types, including human ESCs (PBAF), HeLa cells (WDR4, FAM124B), mouse neural progenitors (SOX2 and other proteins), and cardiomyocytes (SMAD1/5/8 and Brg1) (29, 32, (39) (40) (41) (42) . The lack of interaction between CHD7 and RA suggests that instead of functioning in the same large complex, CHD7 may regulate nucleosome accessibility independent of RAR/RXR heterodimers. This could occur prior to or concomitant with heterodimer binding via movement of nucleosomes as a means for increasing or decreasing access to RARE sites in promoter or enhancer regions. Importantly, CHD7 may exhibit RAR/RXR-dependent functions in other cell types, embryonic stages, or specific organs not assayed in our studies.
CHD7 binds to thousands of promoter and regulatory regions in the mammalian genome (30) and has been shown to activate expression of several downstream target genes, including Twist1, Reelin, Sox4/Sox11, Otx2, Gbx2, Osterix, and Creb3l2 (39, (43) (44) (45) (46) . To our knowledge, this is the first report of a confirmed target gene that is repressed by CHD7.
We also intersected CHD7-bound sequences with RAR-bound sequences obtained from two previously published ChIP-seq data sets (30, 31) . We found that fewer than 1% of assayed sequences exhibited co-occupancy by both CHD7 and RAR. By contrast, nearly 60% of SOX2-bound sites in the human NSC genome exhibit CHD7 co-occupancy (29) . These data indicate that CHD7 does not colocalize as extensively with RAR (and, by proxy, with RAR/RXR heterodimers) as with other transcription factors and cofactors. Thus, co-occupancy of genomic sites by CHD7 and RAR/RXR heterodimers is not a primary mechanism by which RA signaling is regulated in the developing mouse or in human tissues. Further experimentation is needed to determine how CHD7 regulation of downstream genes leads to the phenotypic consequences observed in CHARGE syndrome.
Roles for Chd7 and Aldh1a3 in inner ear development. Homozygous loss of Chd7 in mice is embryonic lethal after E10.5, whereas heterozygous loss of CHD7 in humans causes CHARGE syndrome (47, 48) . Chd7 heterozygous and conditional-deletion mice exhibit highly penetrant abnormalities in semicircular canals, ranging from hypoplasia to truncation or complete absence (36) . In Chd7 heterozygous mice, lateral canals are commonly affected, with variable defects in posterior canals, whereas conditional knockouts exhibit complete loss of vestibular structures, with only rudimentary endolymphatic ducts (36, 49).
Treatment of Chd7
Gt/+ mice with citral, an inhibitor of ALDH1A enzymes, rescues inner ear semicircular canal abnormalities in roughly one-third of embryos (16) . Here, we found that loss of Aldh1a3 also rescues the lateral and posterior semicircular canal malformations in a significant proportion of Chd7
Gt/+ mice, consistent with genetic epistasis. Interestingly, this degree of rescue by Aldh1a3 loss is similar to that previously observed with citral treatment (16) . Our results also predict that increased Aldh1a3 dosage may mimic Chd7 heterozygous mutant inner ear malformations, but this has not been tested. Previous studies have shown that Aldh1a3 -/-mice exhibit subtle structural inner ear malformations that are .5, or E12.5 embryos containing RARE-lacZ transgene and 2 (Chd7 +/+ ), 1 (Chd7 +/-), or no (Chd7 -/-) wild-type alleles for Chd7 were stained with X-gal to reflect RA activity. Chd7 -/-embryos were hypoplastic and did not survive beyond E10.5; otherwise, no differences in X-gal staining pattern between wild-type and Chd7 mutant embryos were noted. Embryo counts are as follows: Chd7 +/+ -E10.5, n = 4; E11.5, n = 4; E12.5, n = 5; Chd7 +/--E10.5, n = 8; E11.5, n = 5; E12.5, n = 7; Chd7 -/--E10.5, n = 1. (H) Overexpression of FLAG-HA-hCHD7 in 293T cells has no effect on RARE-luciferase reporter in the presence or absence of 1 μM all-trans retinoic acid (RA). K998R CHD7 missense mutant construct also has no effect on RARE-luciferase reporter activity. Data are shown as luciferase normalized to Renilla. (I) siRNA knockdown of hCHD7 in 293T cells does not alter RARE-luciferase reporter activity, in the presence or absence of 1 μM RA. Control siRNA against cyclophilin B enhances RA activity as expected (35) . Data are shown as luciferase normalized to Renilla. Significance was determined by ordinary 1-way ANOVA tests. **P ≤ 0.001. detectable only by 3D reconstruction from serial sections (50) . Such minor differences in anatomy in our mutant mice may have been missed by the paint-fill approach. Nevertheless, the mouse inner ear is highly sensitive to dosage of both Chd7 and Aldh1a3 (16) .
In humans, recessive pathogenic variants in ALDH1A3 are associated with a variety of ocular malformations (microphthalmia, anophthalmia, displaced pupils, and coloboma), structural cardiac defects, developmental delay, and autistic features (51, 52) . Although Aldh1a3 -/-mice show subtle inner ear abnormalities, there are no reports of hearing or balance disturbance in humans with heterozygous or homozygous pathogenic ALDH1A3 variants, suggesting that there may be compensatory mechanisms, differences in phenotypes between humans and mice, reduced penetrance of inner ear malformations, or incomplete clinical evaluations for reported individuals. Future studies of humans with pathogenic or presumed pathogenic variants in ALDH1A3 should help determine whether these individuals exhibit auditory or vestibular abnormalities.
Our RNA-seq and qRT-PCR data from microdissected mouse inner ears, combined with ChIP experiments in inner ears and SH-SY5Y cells, indicate that CHD7 acts upstream of Aldh1a3 via direct binding and repression of Aldh1a3. The rescue of Chd7 mutant inner ears by loss of Aldh1a3 is also consistent with genetic epistasis. Our data provide insights into the roles for RA and CHD7 during development and suggest avenues for exploring the effects of Chd7 haploinsufficiency in other tissues and cell types. Table 1 shows the number of affected ears for each genotype, as well as n values. Scale bars: 500 μm.
Methods
All reagents and culture media were purchased from Life Technologies/Invitrogen (Carlsbad) unless otherwise indicated.
Mice Cell culture. Human SH-SY5Y neuroblastoma cells and 293T cells were purchased from ATCC and cultured in DMEM with 20% FBS. E12.5 forebrain neural stem cell cultures were established from Chd7 Gt/+ or Chd7 +/+ littermate embryos, as previously described (54) . Left and right forebrains were dissected under a microscope, digested with Accutase (Invitrogen) to single-cell suspension for 15 minutes at 37°C, and cultured into individual wells of a 12-well plate in 5% CO 2 at 37°C. Yolk sacs were collected for genotyping, as previously described (47), and neural stem cells were cultured in NSCM (DMEM/F, B27 N2, 20 ng/ml EGF, 20 ng/ml bFGF).
Neural progenitor cell differentiation from mouse ESCs. Neural progenitor cell differentiation from ESCs followed a previously published protocol (55) . Mouse Chd7 +/+ and Chd7 Gt/Gt ESCs were harvested and dissociated into single cells using 0.05% Trypsin, seeded at a density of 3 × 10 5 cells/ml in embryoid body medium (EBM) (ESCM without LIF) onto petri dishes to form embryoid bodies, and cultured for 4 days in EBM. Embryoid bodies were then cultured with 5 μM RA for 4 days, dissociated, and plated into cell culture dishes with DMEM/F12 supplemented with B27, EGF, and bFGF to form neurospheres and cell lines.
Inner ear dissections. Chd7
Gt/+ male mice were crossed with Chd7 Gt/+ female mice to generate timed pregnancies. Crosses were also established between Aldh1a3 +/-and Aldh1a3 +/-male and female mice in order to generate timed pregnancies. The day of vaginal plug identification was designated as E0.5. Pregnant dames were euthanized by cervical dislocation at E10.5, and embryos were removed for further dissection. The yolk sac and caudal third of each embryo was saved for DNA isolation and genotyping as previously described (47) . Inner ears were dissected from E10.5 embryos into cold PBS. After brief centrifugation at 200 g, PBS was removed and samples stored at -80 °C.
RNA-seq. RNA-seq was performed on E10.5 Chd7
Gt/+ , and Chd7 Gt/Gt ears (n = 2 pairs of ears per genotype). Polyadenylated RNA was extracted from each microdissected ear sample using the RNAqueousMicro RNA Isolation Kit (Ambion). RNA was reverse transcribed, and cDNA libraries were prepared with the Illumina TruSeq RNA-seq v2 kit. Libraries were sequenced using the Illumina HiSeq 2500 platform Lat. canal, lateral canal; Post. canal, posterior canal.
with paired-end 100-bp reads. Raw reads were aligned to the mouse reference genome (NCBI mm9) using Bowtie2 (v.2.0.6) (56). Unique reads were retained and normalized to the total of mapped reads for each sample. Expression levels of mapped reads were calculated in units of fragments per kilobase of transcript per million mapped reads (FPKM). Genes with low FPKM ( < 0.3) were removed from analysis. Differential expression between genotypes was calculated using DESeq (v.1.22.1), and genes were considered statistically significant with a Benjamini-Hochberg P < 0.05 (57) . Gene ontology analysis. Gene ontology analysis was performed using GOTermFinder on differentially expressed genes identified in the E10.5 RNA-seq analyses (58) . Gene ontology terms associated with process, function, and component were obtained using a significance threshold of P < 0.05 and FDR < 0.05.
Bioinformatic analysis. RARE motifs were identified within the mouse Chd7 gene sequence (mm10), including 10,000 bp upstream and downstream inclusive of relevant regulatory regions, using the FIMO script contained within the MEME Suite (59) . Using the Galaxy tool suite (60), RAR-bound regions contained within the mouse Chd7 gene sequence were identified by reanalysis of pan-RAR ChIP-seq data (31) . ChIP-seq sites were uploaded into the UCSC Genome Browser, and RAR-bound sites at the Chd7 locus were cross-referenced with RAREs.
BED files from a previously published CHD7 ChIP data set (30) were obtained from the NCBI GEO database (accession GSE22341). Coordinates of the BED files were uploaded to custom tracks within the UCSC Genome Browser to allow mapping of the putative CHD7 protein localization site both within the coding sequence of RA-related genes and within a 10-kb window surrounding each gene.
Quantitative real-time PCR. For quantitative RT-PCR in cells, total RNA was extracted from cell pellets with chloroform (ACROS Organics) and isopropanol (ACROS Organics, NJ) followed by DNAse I treatment (Roche) to avoid genomic DNA contamination. For qPCR of inner ears, total RNA was Figure 9 . Model depicting the influences of CHD7 and RA signaling on gene expression. In the cytoplasm, ALDH1A3 catalyzes the oxidation of retinaldehyde to retinoic acid (RA). RA then enters the nucleus and binds RA receptor (RAR). RAR forms a heterodimer with retinoid receptor (RXR), and the complex binds RA responsive elements (RAREs) to regulate transcription of downstream genes. Shown are three potential interactions between CHD7 and RA that we investigated in this study. In the first potential mechanism, CHD7 forms a complex with RAR/RXR heterodimers that acts to activate transcription of downstream target genes. In the second potential mechanism, RAR/RXR heterodimers bind upstream of CHD7 to regulate its transcription. In the third potential mechanism, CHD7 binds upstream of ALDH1A3, repressing its transcription. Our results provide evidence against the first two mechanisms, in favor of the third.
isolated from frozen otic tissue samples using the RNAqueousMicro Total RNA Isolation Kit (AM1931, ThermoFisher Scientific). Total RNA was quantified by Nanodrop 2000 (ThermoFisher Scientific), and 2 μg RNA per sample was reverse transcribed using SuperScript First-Strand Synthesis System. Quantitative real-time PCR analysis was performed using SYBR master mix (ABI) on an ABI 7500 qPCR machine (ABI) using a standard protocol. Primers are listed in Table 2 .
To measure gene expression in E10.5 otocysts, embryos were harvested into 1X PBS on ice. Immediately following collection, embryos were bisected along the sagittal midline. Otic tissue was microdissected bilaterally (with care taken to remove periotic mesenchyme) into 100 μl ×1 PBS, spun at 200 g for 10 seconds, micropipette aspirated, and flash frozen on dry ice. The remaining tissue was collected for genotyping. Total RNA was isolated using the RNAqueous-Micro RNA Isolation Kit (Ambion) and treated with DNaseI prior to cDNA synthesis. cDNA was generated using the SuperScript First-Strand cDNA Synthesis System with oligo(dT) primers (Invitrogen). Gene expression levels were assayed using the TaqMan system (Applied Biosystems). Expression was assayed using TaqMan probes for Chd7 (product Mm01219527_m1) and Aldh1a3 (product Mm00474056_m1). Atp5b (product Mm01160389_g1) was used as a reference control. Each sample was run in triplicate using a StepOne-Plus Real-Time qPCR System (Applied Biosystems). Fold change of the assayed gene relative to Gapdh was defined as 2 -ΔΔC T . An unpaired t test (for comparisons between two genotypes) or an ordinary 1-way ANOVA (for comparisons among three genotypes) was performed on Atp5b-normalized fold change values to determine statistical significance (P < 0.05).
In situ hybridization. In situ hybridization was performed on sections from paraffin-embedded embryos using digoxigeninlabeled riboprobes as previously described (61), at annealing temperature 65°C. Aldh1a3 in situ probe was generously provided by Kenneth Campbell (Cincinnati Children's Hospital) (62) . Multiple sections from at least 4 ears of each genotype were tested.
Immunofluorescence. Immunofluorescence was performed on sections from paraffin-embedded embryos as previously described (61) . Anti-CHD7 (D3F5 6505) (Cell Signaling) and anti-ALDH1A3 (ab129815) (Abcam) were used at final concentrations of 1:7,500. Secondary biotin-conjugated donkey anti-Rabbit antibody (Jackson Immunochemicals) was processed using tyramide signal amplification 555 (T30955) (ThermoFisher) and then visualized on a Leica DMB upright fluorescence microscope.
CHD7 overexpression. Flag-HA-pcDNA3.1 (Addgene) was used as a control vector. pcDNA3.1-Flag6xHis v.1 hCHD7 WT and pcDNA3.1-Flag-6xHis v.1 hCHD7 K998R vectors, donated by Joanna Wysocka (Stanford University, Stanford, California, USA), were as previously published (39) . For mRNA detection, 5 × 10 6 HEK293T cells were plated in 10-cm 2 dishes the day before transfection. Vectors were transfected with Lipofectamine 2000 Transfection Reagent (ThermoFisher Scientific). Empty Flag-HApcDNA3.1 was used as a control. Forty-eight hours after transfection, cells were collected and lysed with Trizol. mRNA was extracted with chloroform (ACROS Organics) and isopropanol (ACROS Organics) followed by DNAse I treatment (Roche) to avoid genomic DNA contamination.
ChIP-qPCR. Putative human CHD7-binding sites were identified by analysis of CHD7 ChIP-seq data in hESCs using the UCSC genome browser. Primers were designed to target 4 sites around ALDH1A3: two upstream of the transcription start site and two in the first intron (63) (ENCODE accession ENCS-R000AVA) (primer sequences are listed in Table 3 ). For chromatin preparation, SH-SY5Y cells were plated in 10-cm 2 dishes and cultured in DMEM and 10% FBS. Confluent cells were washed twice with PBS while still adherent. Cells were cross-linked in 1% paraformaldehyde for 30 minutes at room temperature and quenched by 250 mM glycine. Cells were then collected in 15 ml conical tubes and harvested by centrifugation. All cell pellets were washed with PBS and frozen on dry ice. Cell pellets were treated with 100 mM Tris (pH 7.5), 10 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, and 10% glycerol and then sheared by sonication. Chromatin was then immunoprecipitated by incubating with 8 μl CHD7 antibody (Cell Signaling) or 4 mg rabbit normal IgG antibody (Jackson ImmunoResearch) prebound to DYNAbeads M-280 (Life Technologies) overnight at 4°C. CHD7-bound beads were washed 3 times with 150 mM NaCl in IP wash buffer, 3 times with 500 mM LiCl (MilliporeSigma) in IP wash buffer, and once with TE. Harvested chromatin was then eluted from the beads, crosslinks were reversed, and DNA was purified with the Minelute PCR purification kit (Life Technologies/Invitrogen). qPCR was carried out with SYBR Master mix on a 7500 ABI qPCR machine. For mouse E10.5 otocysts, 4 CD-1 timed pregnant females were obtained from Charles River Breeding Labs. A total of 50 embryos were dissected after cervical dislocation and hysterectomy. Both (left and right) otocysts (total of 100) were microdissected from each embryo, collected in 200 μl PBS, and gently spun and the supernatant was discarded. The otocysts were frozen on dry ice and stored at -80°C. Crosslinking and nucleus preparation was performed as described previously (30) (truChIP Chromatin Shearing Reagent Kit, Covaris). Chromatin was sheared by sonication (Covaris S220 Focused-ultrasonicator) to generate 400-to 800-bp chromatin fragments. Chromatin samples were incubated with anti-CHD7 antibody (catalog 6505, Cell Signaling) and immunoprecipitated with Protein A Magnetic Beads (Fisher Scientific). Reversal of cross-linking was performed overnight followed by elution of DNA fragments. BLAST was used to search for regions with sequence similarity between the identified human CHD7-bound sites and mouse upstream regions of Aldh1a3 (23) . For qPCR, SYBR Green Master Mix (Applied Biosciences) was used on a StepOne-Plus Real-Time PCR machine (Applied Biosciences), and results were analyzed using the percent input method. Technical triplicates with standard errors were reported, and statistical differences were determined by Student's t test.
Cell growth and differentiation assays. SH-SY5Y cells (5 × 10 5 or 1 × 10
6
; n = 3 wells per condition) were plated in 6-well plates and allowed to grow for 2, 4, or 6 days; digested in 0.05% Trypsin-EDTA; resuspended in culture media; and collected and counted in trypan blue with a hemacytometer. Cell numbers were analyzed by Student's t test, and results were graphed in Excel. For cell differentiation assays, antiTuj1 (neuron-specific class III β-tubulin) was used as a marker of differentiated neurons. SH-SY5Y cells were plated onto coverslips in 12-well plates at a density of 5 × 10 5 cells per well. After 7 days of treatment with DMSO (vehicle), RA (10 μM), or citral (10 μM), cells were washed with PBS and then fixed in 4% paraformaldehyde (MilliporeSigma) for 30 minutes. Cells were then washed with PBS and blocked in 2% BSA blocking solution (MilliporeSigma) for 2 hours at room temperature. Cells were then incubated with anti-Tuj1 antibody (1:100, catalog MRB-435P, Berkeley Antibody Company) overnight at 4°C, washed assays, 1 day prior to coculture, F9 cells (10 5 cells/well) were plated on 0.2% gelatin-coated (MilliporeSigma) 96-well plates in culture media without G418. Separate wells were plated in triplicate for standard ATRA concentration response curves (0, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM, 10 nM, 100 nM), as previously described (34) . ATRA was dissolved in DMSO. Timed pregnancies were established between Chd7 +/-male and female mice. E8.5 mouse embryos were dissected, washed in ice-cold PBS, and incubated in 1.5-ml Eppendorf tubes containing 10 μl 0.05% Trypsin-EDTA on ice. Yolk sacs were saved and processed for Chd7 +/+ , Chd7 +/-, and Chd7 -/-genotyping, as previously described (47) . Embryos were digested for 5 minutes at 37°C. Single-cell suspensions were then transferred to the F9 cell plated 96-well plate (1 embryo per well). Plates were cultured overnight at 37°C and 5% CO 2 and then processed for β-gal histochemistry and detection using a SpectraMax M2 multimode microplate reader (Molecular Devices). ATRA-treated F9 RARE cells were used to generate a standard curve for comparison with experimental samples.
Luciferase assays. HEK-293T cells (3 × 10 4 ) were plated in each well of a 96-well plate the day before transfection. For each combination of plasmids, 8 replicate wells were plated. Flag-HA-pcDNA3.1, pcDNA3.1-Flag-CHD7, and pcDNA3.1-Flag-CHD7 K998R were separately cotransfected with pGL3-RARE-luciferase vector (Addgene) and pRL-SV40P (Addgene) using Lipofectamine 2000 transfection reagent and opti-MEM (Life Technologies). After 24 hours, media were changed to include vehicle (DMSO) with or without 1 μM ATRA and treated overnight before luciferase detection.
For siRNA transfection, DharmaFECT Duo transfection reagent (GE Healthcare Dharmacon Inc.) was used. siGENOME human CHD7 siRNA-SMARTpool (GE healthcare) and siGENOME Cyclophilin B control siRNA were separately cotransfected with pGL3-RARE-luciferase and pRL-SV40P vectors. Culture media were changed 24 hours after transfection followed by addition of DMSO with and without 1 μM ATRA. Luciferase assays were carried out 48 hours after transfection of CHD7 expression or siRNA plasmids. Luciferase and Renilla signals were detected with the Dual Luciferase reporter assay system (Promega) and GloMax multi detection system (Promega). Data were analyzed by Student's t test.
Inner ear paint-filling. Timed pregnancies were established between Chd7
Gt/+ ;Aldh1a3 +/-and Aldh1a3 +/-mice. Embryos were collected at E14.5 after cervical dislocation and hysterectomy. Embryos were washed in PBS and fixed in Bodian's fixative (5% glacial acetic acid, 1.85% formaldehyde, and 75% ethanol) and then cleared using methylsalicylate. Heads were bisected and the brain was removed prior to injection of 3% Whiteout (BIC) solution as previously described (47) . Statistics. Two-tailed Student's t tests were used to determine significant differences between 2 data sets. The resulting P values were corrected for multiple comparisons using the Bonferroni method. Ordinary 1-way ANOVA tests were used to determine statistical significance among 3 or more data sets. A P value of less than 0.05 was considered significant. All graphs show the mean ± SD, unless otherwise indicated.
Study approval. All mouse husbandry practices and procedures were approved by the University of Michigan Institutional Animal Care and Use Committee.
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